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METHOD OF SEPARATING AND
RECOVERING METALS AND SYSTEM FOR
SEPARATING AND RECOVERING METALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from Japanese Patient application No. 2013-141820,
filed on Jul. 5, 2013, the entire contents of each of which are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the present invention relate to a method of
separating and recovering metals and a system for separating
and recovering metals.

2. Description of the Related Art

When an atomic power plant loses 1ts cooling capability
due to a nuclear accident, there 1s possibility that the fuel
assembly and the reactor core structure are heated to be
melted by decay heat of the nuclear fuel, thereby producing a
molten core material. In the molten core material, there coex-
1st non-uniformly various materals, such as iron based mate-
rials constituting reactor internal structures etc., zirconium
material which 1s a material for cladding tubes and channel
boxes, oxide fuels such as uranium oxide and plutonium
ox1de contained in the nuclear fuel, and the like.

The cost and labor to store and manage radioactive wastes
increase as the amount of the wastes increases. Accordingly,
when treating the molten core material as a radioactive waste,
there 1s a demand for a method of separating and recovering,
components other than radioactive wastes, thereby reducing
the amount to be managed and stored as a high-level radio-
active waste; see Japanese Patent Application Laid-Open

Publication No. 2013-88117A.

SUMMARY OF THE INVENTION

It 1s an objective of the present invention to provide a
method of separating and recovering metals and a system for
separating and recovering metals, for efliciently separating
and recovering desired metals from a solid containing a plu-
rality of metals, such as a molten core material.

To achieve the above described objective, a method of
separating and recovering metals according to an embodi-
ment 1s a method of separating and recovering metals
whereby a mixture contaiming at least a first metal and a
second metal, the second metal having a higher standard
clectrode potential than that of the first metal, 1s connected to
an anode 1n a molten salt, and the first metal and the second
metal are precipitated on a cathode 1in the molten salt by
clectrolysis, the method of separating and recovering metals
comprising: a detection step of detecting a concentration
change 1n each of a first metal 1on and a second metal 10n 1n
the molten salt by a concentration change detection unit; a
first electrolysis step of electrolyzing the first metal; a first
recovery step of recovering a precipitated substance accord-
ing to a detection 1n which a concentration decrease of the first
metal 10on, which 1s predefined in the concentration change
detection unit, 1s detected in the detection step; a second
clectrolysis step of electrolyzing the second metal; and a
second recovery step of recovering a precipitated substance
subsequent to the first recovery step.

Further, to achieve the above described objective, a system
for separating and recovering metals according to an embodi-
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ment 1s a system for separating and recovering metals in
which a mixture contaiming at least a first metal and a second
metal, the second metal having a higher standard electrode
potential than that of the first metal, 1s electrolyzed in amolten
salt, thereby the first metal and the second metal are precipi-
tated and recovered, the system for separating and recovering
metals comprising: an electrolysis vessel for containing a
molten salt; an anode provided in the molten salt 1n the elec-
trolysis vessel and being connected with a target object; a
cathode provided in the molten salt in the electrolysis vessel;
a concentration change detection unit for detecting a concen-
tration change 1n each of a first metal 10n and a second metal
ion 1in the molten salt; and a precipitated substance recovery
unit for recovering a precipitated substance which is precipi-
tated on the cathode based on mformation of the concentra-
tion change detection unit, wherein upon detection of a pre-
defined decrease 1n the concentration of the first metal 1on 1n
the molten salt, the concentration change detection unit trans-
mits a recovery signal to the precipitated substance recovery
unmt according to the detection, and the recovery unit recovers
a precipitated substance, which 1s produced at the cathode,
based on the recovery signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of an apparatus for separating,
and recovering metals 1n a first embodiment;

FIG. 2A shows graphs of concentration change of Zr 1ion 1n
an electrolysis vessel 1n the first embodiment, FIG. 2B shows
graphs of concentration change of Fe 1on 1n the electrolysis
vessel 1n the first embodiment, FIG. 2C shows graphs of
change 1n anode potential 1n the first embodiment, and FIG.
2D shows graphs of current flowing between the anode and
the cathode 1n the first embodiment:

FIG. 3 1s a flowchart of the method of separating and
recovering metals 1n the first embodiment;

FIG. 4A shows graphs of concentration change of Zr ion 1n
an electrolysis vessel 1n a second embodiment, FIG. 4B
shows graphs of concentration change of Fe 10on in the elec-
trolysis vessel 1in the second embodiment, and FIG. 4C shows
graphs of change 1n anode potential 1n the second embodi-
ment;

FIG. 5 1s a schematic view of an apparatus for separating,
and recovering metals 1n a third embodiment;

FIG. 6 A shows graphs of concentration change of Zr 1ion 1n
an electrolysis vessel 1n the third embodiment, FIG. 6B shows
graphs of concentration change of Fe 1on 1n the electrolysis
vessel 1n the third embodiment, and FIG. 6C shows graphs of
change 1n anode potential in the third embodiment;

FIG. 7 1s a flowchart of the method of separating and
recovering metals in the third embodiment;

FIG. 8A shows graphs of concentration change of Zr ion 1n
an electrolysis vessel 1n a fourth embodiment, F1G. 8B shows
graphs of concentration change of Fe 1on 1n the electrolysis
vessel 1n the fourth embodiment, and FIG. 8C shows graphs
of change 1n anode potential 1n the fourth embodiment; and

FIG. 9 1s a flowchart of the method of separating and
recovering metals in the fourth embodiment.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

L1
]

ERRED

Hereatter, embodiments of the present invention will be
described with reference to the drawings.

First Embodiment

A method of separating and recovering metals and a system
for separating and recovering metals of a first embodiment

will be described by using FIGS. 1 to 3.
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(Target Object)

A target object to be subjected to separation and recovery
ol metals 1s one which contains at least two kinds of metals.
Each metal may be present in the target object 1n a uniformly
mixed state, or may be present 1n a non-uniform state. More-
over, there 1s a noble-base relationship between metals 1n the
target object 1n association with respective standard electrode
potentials inherent to them. A metal having a higher standard
clectrode potential 1s referred to as a noble metal, and a metal
having a lower standard electrode potential 1s referred to as a
base metal.

In the present embodiment, the target object 1s molten fuel
contaiming Fe and Zr, and Fe and Zr are to be separated and
recovered. Fe has a higher standard electrode potential than
that of Zr, and Fe 1s a noble metal with respect to Zr, and Zr 1s
a base metal with respect to Fe. Metals like Fe and Zr, which
are contained in the target object and become targets for
recovery, are referred to as target metals for recovery.

Generally, molten fuel contains large amounts of Zr and Fe.
To reduce the amount of the portion of molten fuel which 1s to
be stored and managed as a high-level radioactive waste, it 1s
desirable that Fe and Zr are separated from the molten fuel to
be stored and managed as a low-level radioactive waste. Fur-
ther, when the radiation doses of separated Fe and Zr are
suificiently low, they may possibly be reused as the material
for reactor 1nternal structures and fuel cladding tubes.

(Electrolysis Reaction)

The separation and recovery of metals of the present
embodiment 1s performed by way of molten salt electrolytic
treatment. In a molten salt electrolysis reaction, when for a
metal which 1s connected to the anode, the anode potential 1s
higher than the standard electrode potential and the cathode
potential 1s lower than the standard electrode potential, the
metal 1s oxidized at the anode to become an 1on to be dis-
solved 1nto the molten salt, and 1s reduced to be precipitated
at the cathode. Further, when a mixture of different metals 1s
connected to the anode, a base metal having a lower standard
clectrode potential 1s electrolyzed first, thereby being dis-
solved and then precipitated. In the case of the target object,
Zr 1s dissolved and precipitated earlier than Fe.

Here, FIG. 1 1s a schematic view of an apparatus for sepa-
rating and recovering metals in the present embodiment. An
apparatus 10 for separating and recovering metals has an
anode 12 and a cathode 14 1n an electrolysis vessel 11, and the
anode 12 1s connected with a target object 13. FIG. 2A 1s a
graph of concentration change of Zr 1on 1n the electrolysis
vessel 1n the first embodiment, FIG. 2B 1s a graph of concen-
tration change of Fe 1on 1n the electrolysis vessel in the first
embodiment, FIG. 2C 1s a graph of change in the anode
potential 1n the first embodiment, and FIG. 2D 1s a graph of
the current flowing between the anode and the cathode in the
first embodiment. In the present embodiment, the current
value between electrodes 1s controlled so as to be always
constant. FIG. 3 1s a flowchart of the method of separating and
recovering metals 1n the present embodiment.

The molten salt electrolytic treatment in the present
embodiment will be described by mainly using FIG. 2. When
clectrolysis s started by applying voltage between electrodes,
Zr, which 1s baser with respect to Fe, will be first electrolyzed
to be dissolved and precipitated. Accordingly, for some time
alter the start of electrolysis, an equilibrium 1s maintained
with the concentration of Zr 10n in the molten salt being kept
high. At this time, the amount of Zr that 1s dissolved at the
anode 1s balanced with the amount of Zr that 1s precipitated at
the cathode. The concentration of Zr 1on in the molten salt will
be constant until Zr connected to the anode side 1s depleted.

10

15

20

25

30

35

40

45

50

55

60

65

4

Moreover, while Zr 10on concentration in the molten salt 1s
constant, the potential of the anode 12 1s constant as well.

After a while, 11 Zr 1n the target object 13 connected to the
anode 12 1s depleted, the Zr concentration 1n the molten salt
turns to a decrease. Although the current density between
clectrodes decreases as the result of decrease 1n the Zr con-
centration in the molten salt, the potential of the anode 12
increases since the current value between the electrodes 1s
controlled at a constant current. Thus, a process 1n which Zr 1s
clectrolyzed as described above 1s referred to as a first elec-
trolysis step S1.

It 1s noted that a salt of Zr 1s added 1n advance 1n the molten
salt such that the precipitation of a metal which 1s baser than
Zr 1s suppressed and electrolysis of Zr 1s started without delay
immediately after the start of electrolysis. As a result of that,
the concentration of Zr 1on 1s constant from immediately after
the start of electrolysis in FIG. 2A, and the anode potential 1s
constant from 1mmediately after the start of electrolysis 1n
FIG. 2C as well.

As aresult of the depletion of Zr connected to the anode 12,
the potential of the anode 12 increases, and the electrolysis of
Fe 1s started. Along with the start of the electrolysis of Fe, the
concentration of Fe 1on 1n the molten salt increases, and when
the amount of dissolution and the amount of precipitation
come 1nto balance, the Fe 1on concentration in the molten salt
reaches an equilibrium to become constant. After the start of
the electrolysis of Fe and until the Fe connected to the anode
12 1s depleted, the potential of the anode 12 remains constant.
Then, when the Fe 1n the target object 13 connected to the
anode 12 1s depleted, the Fe concentration 1n the molten salt
turns to a decrease. In that case, the potential of the anode 12
increases as in the case of Zr. The process 1 which Fe 1s
clectrolyzed as described so far 1s referred to as a second
clectrolysis step S4.

The period from when the concentration of Zr 10n turns to
a decrease 1n the first electrolysis step S1 until the concentra-
tion of Fe 10n increases to reach an equilibrium in the second
clectrolysis step S4 1s referred to as a transition period. In the
transition period, a last stage of the electrolysis step S1 and an
carly stage of the second electrolysis step S4 are overlapped.

Hereatter, the transition period in the molten salt electro-
lytic treatment of the present embodiment will be described.
It 1s supposed that the time at which the Zr 10n concentration
turns to a decrease from an equilibrium indicates the start of
the transition period. In the vicinity of the anode 12 1immedi-
ately after the start of the transition period, since Zr 1n the
target object 13 1s depleted, the concentration of Zr 1on
becomes substantially zero, and on the other hand, the con-
centration of Fe 10on increases since Fe starts to be dissolved.
Moreover, Zr 1ons which have not been precipitated remain 1n
the vicinity of the cathode, and Fe 1ons have not reached the
vicinity of the cathode 14. For that reason, in the early stage

of the transition period, dissolution of Fe 1s making progress
at the anode 12, and precipitation of Zr 1s continuing at the
cathode 14.

As the transition period proceeds, the concentration of Fe
10on 1n the molten salt increases, and the concentration of Fe
1on starts increasing even in the vicinity of the cathode. Then,
the amount of Zr that 1s precipitated at the cathode 14

decreases, and the amount of Fe that 1s precipitated at the
cathode 14 1ncreases.

I the amount of Fe that 1s dissolved at the anode comes 1nto
balance with the amount of Fe that 1s precipitated at the
cathode, the concentration of Fe 10n in the molten slat reaches
an equilibrium to be constant. It 1s supposed that the time at

1] "1]
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which the Fe 1on concentration in the molten salt turns from
an increase to an equilibrium indicates the end of transition
period.

Here, a precipitated substance will be described. Before the
start of the transition period, mainly Zr 1s precipitated. And
alter the end of the transition period, mainly Fe 1s precipi-
tated. Further, since electrolysis of Zr and Fe occurs during,
the transition period, Zr and Fe coexist in the precipitated
substance. It 1s noted that after the end of the transition period,
mainly Fe 1s precipitated even 1f Zr 10n remains in the molten
salt since Fe 1s a nobler metal and 1s more likely to be pre-
cipitated.

(Electrolysis Apparatus)

Next, a system 10 for separating and recovering metals of
the present embodiment will be described by using FIG. 1.
The system 10 for separating and recovering metals 1s an
clectrolysis apparatus for performing molten salt electrolytic
treatment, and includes an electrolysis vessel 11 for contain-
ing a molten salt. An anode 12 provided 1n a molten salt 1s a
basket made of an electrical conductor which 1s nobler than a
first metal and a second metal, and a target object 13 1is
provided 1n the basket. The basket 1s made of nickel or carbon
in the present embodiment. A cathode 14 provided in the
molten salt may be any electrical conductor and can be made
of stainless steel other than nickel and carbon.

The anode 12 and the cathode 14 are applied with voltage
by a power supply 22, and are controlled by a current control
section 16 such that a current value that flows between both
clectrodes 1s constant. Moreover, the potential difference
between the anode 12 and the cathode 14 1s measured by an
interelectrode potential monitor which 1s not shown.

Moreover, a reference clectrode 17 for measuring the
potential of the anode 12 1s provided in the molten salt, and an
anode potential monitor 18 measures the potential of the
anode 12 from a potential diflerence with respect to the ret-
erence electrode 17. The potential of the anode 12 1s affected
by the concentration change of the target metal 10n for recov-
ery 1n the molten salt. For that reason, in the present embodi-
ment, 1t 1s possible to detect the concentration change of the
target metal 1on for recovery in the molten salt by the anode
potential monitor 18.

Moreover, the electrolysis apparatus 10 1s provided with a

concentration monitor 19 for measuring the concentration of
the target metal 1on for recovery in the molten salt. The
concentration monitor 19 determines the concentration of the
target metal 1on for recovery in the molten salt by, for
example, periodically sampling the molten salt and perform-
ing component analysis and spectroscopy.
It 1s possible to detect the concentration change of the target
metal 1on for recovery 1n the molten salt from the concentra-
tion of the target metal 1on for recovery by the concentration
monitor 19.

It 1s noted that all of the current control section 16, the
interelectrode potential monitor, the anode potential monitor
18, and the concentration monitor 19 are connected to a
control section 20. The control section 20 controls the opera-
tion of a recovery unit 21 for recovering a precipitated sub-
stance which occurs at the cathode based on the information
of the anode potential monitor 18 and the concentration moni-
tor 19. Moreover, the control section 20 controls the operation
of the power supply 22 and the current control section 16 to
control ON/OFF of the molten salt electrolytic treatment
based on the information of the anode potential monitor 18
and the concentration monitor 19.

The recovery unit 21 1s, for example, a umt for replacing
the cathode 14, onto which a precipitated substance has
adhered, with an electrode onto which no precipitated sub-
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stance has adhered. Alternatively, 1t may be a unit for detach-
ing the precipitated substance from the cathode 14, or a unit
for recovering the precipitated substance that has been
detached from the cathode 14 and settled. Also, 1t may be a
combination of those plurality of recovery units.

Next, the relationship between the anode potential monitor
18 and the control section 20 will be described. The informa-
tion of the potential of the anode 12 measured by the anode
potential monitor 18 1s transmitted to the control section 20,
and the control section 20 monitors the potential of the anode
12. The potential of the anode 12 increases as a result of that
the concentration of metal 1on during electrolysis decreases.

Accordingly, the control section 20 can detect a concentra-
tion decrease of targeted metal 10n from the information of the
anode potential monitor 18 by storing 1n advance the increase
in the anode potential, which corresponds to the concentra-
tion decrease of the targeted metal 10n, 1n the control section
20. Thus, the control section 20 can detect the starting time
point of the transition period, and the time point at which the
Fe 10on concentration turns to a decrease.

Next, the relationship between the concentration monitor
19 and the control section 20 will be described. The informa-
tion of the concentration of each target metal 10n for recovery
in the molten salt, which 1s measured by the concentration
monitor 19, 1s transmitted to the control section 20, and the
control section 20 monitors the concentration and changes of
cach target metal 10n for recovery.

For that reason, the control section 20 can detect the start of
the transition period from the imnformation of the concentra-
tion monitor 19 by presetting the change of the concentration
of Zr 1on, which corresponds to the time at which the concen-
tration of Zr 1on 1n the molten salt turns to a decrease from an
equilibrium, 1n the control section 20. Similarly, the control
section 20 can detect the time point at which Fe on the anode
12 side starts depleting from the information of the concen-
tration monitor 19 by presetting, 1n the control section 20, the
change of the concentration of Fe 1on when the concentration
of Fe 10on in the molten salt turns to a decrease from an
equilibrium.

Further, the control section 20 can detect the end of the
transition period by presetting 1n the control section 20 the
change of Fe 10n concentration when the concentration of Fe
1ion 1n the molten salt turns to an equilibrium from an increase.

It 1s noted that the control section 20 may be provided
separately from the anode potential monitor 18 and the con-
centration monitor 19, or may be incorporated 1nto the anode
potential monitor 18 and the concentration monitor 19,
respectively.

The configuration necessary for detecting the concentra-
tion change of target metal 1ons for recovery in the molten
salt, such as the anode potential momitor 18, the concentration
monitor 19, and control section 20, are generically referred to
as a concentration change detection unit.

Next, the molten salt to be used 1n the present embodiment
will be described. Performing electrolysis 1n a molten salt
makes 1t possible to elliciently electrolyze metals which have
higher 1onization tendency, such as Zr and Fe. The molten salt
to be used 1n the present embodiment 1s supposed to be, for
example, a molten material of a salt such as NaCl, KC1, Rb(l,
CsCl, Mg(Cl,, NaF, KF, LiF, and NaF. Moreover, the molten
salt may not be a single salt, but a mixed salt thereof. For
example, 1t includes combinations of NaCl—KCl, RbCl—
NaCl, CsCl-—NaCl, RbCl—KCIl, CsCl—KCl, NaCl—
MgCl,, NaCl—Cac(Cl,, KCl—Sr(Cl,, KCl—Ca(l,, NaF-KF,
[i1F—KF, NaF—ILiF, NaCl-—NaFKCl—KF, and the like.
Further, the molten salt may be a molten salt in which three or
more kinds of salts are mixed. It 1s noted that the molten salt
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to be used 1n the present embodiment 1s NaCl—KCl1, whose
temperature 1s around 700 degrees.

(Methodology)

Next, the method of separating and recovering metals will
be described by using FIGS. 2 and 3. First, electrolysis 1s
started by applying voltage between the electrodes, and a first
clectrolysis step S1 1s performed. The current value between
the electrodes during electrolysis 1s controlled by the current
control section 16. The process 1n which the current control
section 16 controls the current value between the anode 12
and the cathode 14 i1s referred to as a current control step.
Moreover, the process 1n which the concentration change of
the target metal 10n for recovery 1s detected by the concen-
tration change detection unit 1s referred to as a detection step
S2. During the molten salt electrolytic treatment, the detec-
tion step S2 1s performed as needed.

As the first electrolysis step S1 progresses, the Zr 1on
concentration in the molten salt turns to a decrease and the
start of a transition period 1s detected by the detection step S2.
The time at which the start of the transition period 1s detected
1s let to be time t1.

When the start of the transition period i1s detected, the
control section 20 transmits without delay a recovery signal to
the recovery unit 21, and the recovery unit 21 recovers a
precipitated substance on the cathode 14 side. The start of the
transition period, that 1s, the step 1n which a concentration
decrease of Zr 1on, which 1s preset in the concentration
change detection unit, 1s detected in the detection step S2, and
the precipitated substance 1s recovered according to the detec-
tion1s referred to as a first recovery step S3. The time at which
the first recovery step S3 1s carried out 1s let to be time 2. In
the present embodiment, time t2 1s preferably immediately
alter time t1, and 1s supposed to be at least before the concen-
tration of Fe 1on reaches an equilibrium.

Although the start of the transition period 1s almost con-
current with the start of the second electrolysis step S4, not
many Fe 1ons have reached the cathode immediately after
time t1. For that reason, the amount of Fe which 1s contained
in the recovered substance in the first recovery step S3 1s
small, so that 1t 1s possible to recover high purity Zr in the first
recovery step S3.

After the first recovery step S3, the Fe 1on 1n the molten salt
turns to an equilibrium state from an i1ncrease, leading to an
end of the transition period. The second electrolysis step S4 1s
continued even thereatter, and soon the Fe on the anode 12
side 1s depleted so that the Fe 10n concentration 1n the molten
salt turns to a decrease. The time at which a concentration
decrease of Fe 10n 1s detected in the detection step S2 1s let to
be time 3.

Upon detecting a depletion of Fe, the control section 20
transmits without delay a recovery signal to the recovery unit
21, and the recovery unit 21 recovers the precipitated sub-
stance on the cathode 14 side. That 1s, the step 1n which a
concentration decrease of Fe 1on, which 1s preset 1n the con-
centration change detection unit, 1s detected 1n the detection
step S2, and a precipitated substance 1s recovered according
to the detection 1s referred to as a second recovery step SS5.
The time at which the second recovery step S35 1s carried out
1s let to be time t4. Although a majority of the recovered
substance 1n the second recovery step S5 1s Fe, 1t partly
contains Zr since it contains the precipitated substance of the
transition period.

Moreover, before or after the second recovery step S35, the
control section 20 transmits a stop signal to the power supply
22 and the current control section 16 to terminate the molten
salt electrolytic treatment.
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(Advantageous Effects)

In the present embodiment 1t 1s possible to continuously
and efficiently recover each component from a target object
containing a plurality of metals in the same electrolysis ves-
sel, and since a precipitated substance 1s recovered without
delay after the start of the transition period, high purity Zr can
be obtained.

It 1s noted that 1n the present embodiment, the detection of
ne concentration change of target metal 10n for recovery 1n
ne detection step S2 may be based on the measured value of
e anode potential monitor 18, or on the measured value of
e concentration monitor 19. For that reason, the system 10
for separating and recovering metals 1s supposed to include at
least one of the anode potential monitor 18 and the concen-
tration monitor 19.

Moreover, when both ol the anode potential monitor 18 and
the concentration monitor 19 are provided, the concentration
change of the target metal 10n for recovery 1n the molten salt
can be detected more accurately by combining both of those
measurement information.

t.
t
t
t

Second Embodiment

A second embodiment will be described by using FIGS. 3
and 4. FIG. 4A 1s a graph of the concentration change of Zrion
in an electrolysis vessel 1n the second embodiment, FIG. 4B
1s a graph of the concentration change of Fe 1on 1n the elec-
trolysis vessel 1n the second embodiment, and FIG. 4C 1s a
graph of the change of anode potential in the second embodi-
ment. It 1s noted that the same configurations as those of the
first embodiment are given the same reference symbols,
thereby omitting overlapping description.

(Methodology)

Hereaftter, a method of separating and recovering metals of
the present embodiment will be described. First, as with the
first embodiment, the first electrolysis step S1 1s performed.
The detection step S2 1s performed as needed during molten
salt electrolytic treatment.

As electrolysis progresses, the transition period will soon
start, and the concentration of Fe 1on 1n the molten salt turns
from an increase to an equilibrium 1n the detection step S2 so
that end of the transition period 1s detected. This time 15 let to
be time el.

Then, the control section 20 transmits without delay a
recovery signal to the recovery unit 21, and the first recovery
step S3 1s performed at time e2.

After the first recovery step S3, as with the first embodi-
ment, molten salt electrolytic treatment 1s performed, and 1t 1s
detected that the concentration change of Fe 1on turns from an
equilibrium to a decrease at time t3 so that the second recov-
ery step S35 1s performed at time t4.

(Advantageous Effects)

In the present embodiment since it 1s possible to continu-
ously recover each component from a target object containing
a plurality of metals 1n the same electrolysis vessel, and the
first recovery step S3 1s performed after the end of the tran-
sition period, high purity Fe can be recovered.

Further, in the present embodiment, the detection of end of
the transition period can be performed by measuring the
concentration of Fe 1on by the concentration monitor 20 and
observing the changes thereof. For that reason, the concen-
tration change detection unit 1s supposed to include a concen-
tration monitor 19 which can measure the concentration of Fe
101.

Third Embodiment

A third embodiment will be described by using FIGS. 5 to
7. FIG. 5 1s a schematic view of a system for separating and
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recovering metals in the third embodiment. FIG. 6 A 1s a graph
of the concentration change of Zr 10n 1n an electrolysis vessel
in the third embodiment, FIG. 6B 1s a graph of the concen-
tration change of Fe 10on 1n the electrolysis vessel in the third
embodiment, and FIG. 6C 1s a graph of the change 1n anode
potential in the third embodiment. FIG. 7 1s a flowchart of the
method of separating and recovering metals 1n the third
embodiment

It 1s noted that the same configurations as those of the first
and second embodiments are given the same reference sym-
bols, thereby omitting overlapping description.

(Electrolysis Apparatus)

Hereatter, a system 10 for separating and recovering metals
of the present embodiment will be described. The system 10
for separating and recovering metals of the present embodi-
ment has the same configuration as that of the system 10 for
separating and recovering metals 1n the first embodiment.
Further, 1t includes a salt feed source 26, a salt feed nozzle 24
for feeing a salt of Fe from the salt feed source 26 into the
molten salt, and a salt feed control section 25 for controlling
the feed of the salt of Fe. The salt feed control section 25 1s, for
example, a valve provided in the salt feed nozzle 24, and 1s
connected to and controlled by the control section 20. It 1s
noted that the salt of Fe 1s, for example, FeCl,, and supposed
to be a salt of metal which 1s electrolyzed 1n the second
clectrolysis step S4. Further, the salt feed nozzle 24 and the
salt feed source 26 are generically referred to as a salt feed
unit. The salt feed umit may have any configuration which
allows the addition of salt into the molten salt, without being
limited to the salt feed nozzle 24 and the salt feed source 26.

(Methodology)

Hereatter, a method of separating and recovering metals of
the present embodiment will be described. First, as with the
first embodiment, a first electrolysis step S1 1s performed and
a detection step S2 1s performed as needed. The electrolysis
progresses and, at time t1, the start of a transition period 1s
detected by the detection step S2. Then, the control section 20
transmits without delay a salt feed signal to the salt feed
control section 25. Then, the salt feed control section 25
becomes opened, and salt 1s added to the molten salt from the
salt feed source 26 via the salt feed nozzle 24. The step of
adding a salt of a second metal to the molten salt 1s referred to
as a salt addition step S6, and the time at which the salt
addition step S6 1s performed 1s letto be time ul. The salt teed
control section 25 becomes closed after a fixed time period.
Alternatively, 1t may become closed by a signal from the
control section 20. As a result of adding the salt of the second
metal, the concentration of Fe 1on rapidly increases after the
salt addition step S6.

After the salt addition step S6, the first recovery step S3 1s
performed at time t2. Here, as with the first embodiment, time
difference between time t1 and time t2 1s preferably as small
as possible, and time 12 1s supposed to be at least before the
concentration of Fe 1on reaches an equilibrium. Moreover,
time ul 1s later than time t1, and 1s earlier than time t2 or at the
same time as time t2.

After the first recovery step S3, as with the first embodi-
ment, molten salt electrolytic treatment 1s performed, it 1s
detected at time t3 that the concentration change of Fe 1on
turns from an equilibrium to a decrease, and the second recov-
ery step S35 1s performed at time t4.

(Advantageous Elfects)

In the present embodiment it 1s possible to continuously
and efliciently recover each component from a target object
containing a plurality of metals in the same electrolysis ves-
sel, and since the salt of Fe 1s added into the molten salt
immediately before or concurrently with the first recovery
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step S3, the time period of the transition period becomes
shorter compared to in the first and second embodiments, thus

resulting 1n decrease in the time needed for the entire elec-
trolysis. Moreover, since the time required for the transition
period decreases, the amount of Zr that 1s precipitated 1n the
transition period decreases, and 1t 1s possible to recover Fe
having higher purity compared to 1n the first embodiment.
Therefore, 1t 1s possible to separate and recover high purity Zr
and Fe at a higher efficiency.

Fourth Embodiment

A fourth embodiment will be described by using FIGS. 8
and 9. FIG. 8A 1s a graph of the concentration change of Zrion
in an electrolysis vessel 1n the fourth embodiment, FIG. 8B 1s
a graph of the concentration change of Fe 1on 1n the electroly-
s1s vessel 1 the fourth embodiment, and FI1G. 80 1s a graph of
the change 1n anode potential in the fourth embodiment. FIG.
9 1s a flowchart of the method of separating and recovering
metals 1n the fourth embodiment.

It 1s noted that the same configurations as those of the first
to third embodiments are given the same reference symbols,
thereby omitting overlapping description. The configuration
of the system 10 for separating and recovering metals 1n the
present embodiment 1s the same as that of the third embodi-
ment.

(Methodology)

Herealter, a method of separating and recovering metals of
the present embodiment will be described. First, as with the
first embodiment, a first electrolysis step S1 1s performed and
a detection step S2 1s performed as needed. The electrolysis
progresses and, at time t1, the start of a transition period 1s
detected by the detection step S2. Then, a recovery signal 1s
transmitted without delay from the control section 20 to the
recovery unit 21, and at time t2, the first recovery step S3 1s
performed. When the first recovery step S3 1s performed, the
control section 20 transmits without delay a salt feed signal to
the salt feed control section 25, and a salt addition step S6 1s
performed at time ul.

The time difference between time t1 and time t2 1s prefer-

ably as small as possible, and time t2 1s supposed to be at least
before the concentration of Fe 1on reaches an equilibrium.
Moreover, the time difference between time t2 and time ul 1s
preferably as small as possible, and time ul 1s supposed to be
at least before the concentration of Fe 10n reaches an equilib-
rium.
After the salt addition step S6, as with after the first recov-
ery step S3 of the first embodiment, molten salt electrolysis 1s
performed. At time t3, 1t 1s detected that the concentration
change of Fe 1on turns from an equilibrium to a decrease, and
at time t4, the second recovery step S5 1s performed.

(Advantageous Effects)

In the present embodiment 1t 1s possible to continuously
and efliciently recover each component from a target object
containing a plurality of metals in the same electrolysis ves-
sel, and since Zr 1s recovered without delay after the start of
the transition period, high purity Zr can be obtained.

Moreover, in the present embodiment, since the salt of Fe
1s added without delay after the first recovery step S3 to
reduce the time required for the transition period, the amount
of Zr that 1s precipitated 1n the transition period 1s decreased.
Theretore, 1t 1s possible to efliciently recover high purnity Fe.

Although some embodiments of the present invention have
been described, these embodiments are presented by way of
examples and are not intended to limit the scope of the inven-
tion. These novel embodiments can be carried out 1 other
various forms, and various omissions, replacements, and
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modifications can be made thereto without departing from the
spirit of the invention. These embodiments and their varia-
tions shall be included in the scope and spirit of the mnvention,
and also 1n the range of invention and its equivalents recited 1in
the claims of the patent.

For example, the target object 1s not limited to molten fuels,
and may be any other material provided that it contains a
plurality of metals.

Moreover, when a part of a base metal 1s present 1n the
target object 1n such a way to be surrounded by a noble metal
without being 1n contact with a molten salt, 1t 1s probable that
clectrolysis of the noble metal 1s started with the base metal
remaining in the target object. In such a case, when the elec-
trolysis of the noble metal progresses and the base metal
comes 1nto contact with the molten salt, the separation and
recovery ol metals may be repeated from the first electrolysis
step S1 such as by replacing the electrolysis vessel and the
molten salt.

Moreover, when performing the first recovery step S3, the
clectrolysis may be temporarily stopped and after the recov-
ery, the electrolysis may be restarted with a similar current
value.

Moreover, although 1t was supposed that the detection of
concentration changes of ions 1n the molten salt and the
operation of the recovery unit 21 based on the detection, as
well as the ON/OFF control of the power supply 22 be per-
formed by the control section 20 from first to last, these
control may be performed by a human. In such a case, the
control section 20 performs the judgment of timing suitable
for recovery based on the change 1n 10on concentration 1n the
molten salt, and an operator performs control of the recovery
unit and the electrode power supply based on the judgment of
the control section 20.

Moreover, to achieve a desired processing speed, the cur-
rent value may be changed 1n each of the first electrolysis step
S1 and the second electrolysis step S4 by manipulating the
current control section 16. For example, a current with a
higher value than before may be applied between electrodes
in response to a detection of the start of the transition period.
Thus, 1t becomes possible to increase the precipitation speed
ol the recovered substance 1n the second recovery step S5.

Further, although 1t has been stated that the current flowing,
between electrodes 1s controlled at a constant current 1n any of
the embodiments, the current value may be made variable to
achieve a desired precipitation speed. For example, when it 1s
desired to icrease the precipitation speed of Fe, the current
value from the first recovery step S3 to the second recovery
step S5 15 set to a value higher than before.

Moreover, 1n any of the embodiments, the precipitated
substance 1n the first electrolysis step S1 is recovered before
the start of the transition period. The recovery of precipitated
substance to be performed before the start of a transition
period 1s referred to as a preliminary recovery step. It 1s
supposed that the preliminary recovery step 1s, for example,
performed at fixed time intervals until the start of the transi-
tion period 1s detected by using a timer or the like. Since the
recovered substance 1n the preliminary recovery step does not
contain the precipitated substance of the transition period, 1t 1s
possible to recover a high-purity precipitated substance. Fur-
ther, 1t 1s supposed that after a detection of the start of a
transition period, any of the first to the fourth embodiments 1s
carried out.

What is claimed 1s:

1. A method of separating and recovering metals, whereby
a mixture containing at least a first metal and a second metal,
the second metal having a higher standard electrode potential
than that of the first metal, 1s connected to an anode 1n a
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molten salt, and the first metal and the second metal are
precipitated on a cathode in the molten salt by electrolysis, the
method of separating and recovering metals comprising:

a detection step of detecting a concentration change in each
of a first metal 10n and a second metal 1on 1n the molten
salt by a concentration change detection unit;

a first electrolysis step of electrolyzing the first metal;

a first recovery step of recovering a precipitated substance
according to a detection in which a concentration
decrease of the first metal 10n, which 1s predefined in the
concentration change detection unit, 1s detected 1n the
detection step;

a second electrolysis step of electrolyzing the second
metal;

a second recovery step of recovering a precipitated sub-
stance subsequent to the first recovery step; and

a salt addition step of adding a salt of the second metal to
the molten salt after a concentration decrease of the first
metal 10on, which i1s predefined 1n the concentration
change detection unit, 1s detected 1n the detection step,
and before the first recovery step 1s performed.

2. The method of separating and recovering metals accord-

ing to claim 1, wherein

the first recovery step 1s performed after a concentration
decrease of the first metal 10n, which 1s predefined in the
concentration change detection unit, 1s detected in the
detection step and before the concentration of the second
metal 1on reaches an equilibrium.

3. The method of separating and recovering metals accord-

ing to claim 1, wherein

the first recovery step 1s performed after the concentration
of the second metal ion reaches an equilibrium 1n the
detection step.

4. The method of separating and recovering metals accord-

ing to claim 1, further comprising;:

a preliminary recovery step of recovering a precipitated
substance belfore a concentration decrease of the first
metal 10on, which 1s predefined i1n the concentration
change detection unit, 1s detected in the detection step.

5. The method of separating and recovering metals accord-

ing to claim 1, wherein

in the detection step, the concentration change detection
unit detects a concentration change of each of the first
metal 1on and the second metal 10n 1n the molten salt by
measuring a potential change of the anode.

6. The method of separating and recovering metals accord-

ing to claim 1, wherein

in the detection step, the concentration change detection
unit detects a concentration change of each of the first
metal 10n and the second metal 10n 1n the molten salt by
performing component analysis of the molten salt.

7. A method of separating and recovering metals, whereby

a mixture containing at least a first metal and a second metal,
the second metal having a higher standard electrode potential
than that of the first metal, 1s connected to an anode 1n a
molten salt, and the first metal and the second metal are
precipitated on a cathode in the molten salt by electrolysis, the
method of separating and recovering metals comprising:

a detection step of detecting a concentration change in each
of a first metal 10n and a second metal 1on 1n the molten
salt by a concentration change detection unit;

a first electrolysis step of electrolyzing the first metal;

a first recovery step of recovering a precipitated substance
according to a detection in which a concentration
decrease of the first metal 10n, which 1s predefined in the
concentration change detection unit, 1s detected 1n the
detection step;
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a second electrolysis step of electrolyzing the second
metal;

a second recovery step ol recovering a precipitated sub-
stance subsequent to the first recovery step; and

a salt addition step of adding a salt of the second metal to
the molten salt after the first recovery step 1s performed
and before the concentration of the second metal 10n
reaches an equilibrium in the detection step.

8. The method of separating and recovering metals accord-

ing to claim 7, further comprising:

a preliminary recovery step of recovering a precipitated
substance before a concentration decrease of the first
metal 1on, which 1s predefined 1n the concentration
change detection unit, 1s detected 1n the detection step.

9. The method of separating and recovering metals accord-

ing to claim 7, wherein

in the detection step, the concentration change detection
unmit detects a concentration change of each of the first
metal 10n and the second metal 10n 1n the molten salt by
measuring a potential change of the anode.

10. The method of separating and recovering metals

according to claim 5, wherein

in the detection step, the concentration change detection
umt detects a concentration change of each of the first
metal 10n and the second metal 10on 1n the molten salt by
performing component analysis of the molten salt.
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